Objectives: Plasmids encoding the ileS2 gene are responsible for the wide spread of high-level mupirocin resistance in staphylococci, and consequent clinical and epidemiological problems. We investigated the location of insertion sequence IS257 flanking ileS2 in different plasmids and developed a method for molecular typing of the IS257-ileS2 spacer regions.
Introduction
Mupirocin inhibits protein biosynthesis by binding to the bacterial isoleucyl-tRNA synthetase (IleRS) encoded by chromosomal gene ileS. 1 Application of mupirocin to the anterior nares of patients colonized with methicillin-resistant Staphylococcus aureus (MRSA) may eliminate the carriage of these organisms and it is important in preventing subsequent infections. However, resistance has emerged in staphylococci and its spread is worrying. 2 High-level mupirocin resistance (Hi-Mup r , MICs ≥512 mg/L) is of particular concern, having been frequently associated with treatment failure. 2, 3 Hi-Mup r is mediated by an ileS2 gene that encodes an alternate IleRS that is not bound by mupirocin. 3 The ileS2 gene is typically encoded on plasmids, being frequently located on pSK41/pGO1-like conjugative plasmids, 4 which has facilitated the dissemination of this resistance mechanism. Interestingly, ileS2 is generally flanked by copies of insertion sequence IS257 4, 5 and these IS257-flanked segments have been inserted into the pSK41/pGO1 family backbone on multiple occasions. 4 Both horizontal dispersion of ileS2-carrying plasmids among different clones and transmission of high-level mupirocin-resistant strains after plasmid acquisition contribute to the spread of Hi-Mup r . 3, 6 Thus, the prudent use of mupirocin, and the availability of methods to accurately detect and monitor mupirocin resistance are indispensable for minimizing its spread. 2, 3 Here, we report on a new, simple and effective PCR-based scheme for rapidly typing heterogeneous IS257-ileS2 spacer regions present on ileS2-encoding plasmids. This method could be used in combination with molecular typing techniques for strain characterization to enable the monitoring of Hi-Mup r dissemination in staphylococci.
Materials and methods

Strains, clinical isolates and plasmids
Forty-eight Hi-Mup r MRSA clinical isolates recovered between 1998 and 2002 at Hospital Universitario Ntra. Sra. de Candelaria (HUNSC), containing one of nine previously characterized pSK41-like ileS2-carrying plasmids (i.e. pPR1-pPR9, formerly named pMUP1-pMUP9) encoding Hi-Mup r (MICs ≥1024 mg/L), were initially used. Restriction enzyme analyses of plasmid DNA and ileS2 locus hybridization polymorphs were previously used for the classification of these plasmids into structural groups S1 -S4. 6 Forty-two additional Hi-Mup r MRSA clinical isolates collected from January 2003 to December 2004 at HUNSC were subsequently used for the application of the IS257-ileS2 PCR-based scheme. S. aureus NRS107 that was obtained from the Network on Antimicrobial Resistance in S. aureus (Focus Bio-Inova) and S. aureus HUNSC491 strains were used as positive controls in PCR assays of IS257-ileS2 regions. NRS107 carries pGO400 plasmid, which has directly repeated IS257s flanking ileS2.
5 HUNSC491 carries pPR9 plasmid, which has indirectly repeated IS257s flanking ileS2.
4
Sequences of regions surrounding ileS2 and IS257-ileS2 configuration nomenclature DNA sequences between ileS2-flanking IS257s were determined with primers within IS257, ileS2 and IS257-ileS2 spacers (data not shown). Sequences were determined using ABI BigDye chemistry (Applied Biosystems, Warrington, UK) with an ABI3500 automated sequencer.
The nomenclature used to define each IS257-ileS2 configuration indicates each orientation [right (R) or left (L)] of up-and down-stream flanking IS257s, as well as the distance (in bp) between IS257s and ileS2 open reading frame (ORF) start and stop codons, respectively.
Simultaneous PCR amplification of IS257-ileS2 spacers
Using the same cycling parameters, four simultaneous single PCRs were performed for each strain to detect upstream (IS257-L) and downstream (IS257-R) copies of IS257 flanking ileS2. The regions between ileS2 and the closest IS257-L were amplified with primers ileS2-5
. To investigate the presence of an IS257-L in the reverse orientation, primer ileS2-5 ′ was used with IS257 R (5 ′ -TGGC GTATTGATGAGACGTACATC-3 ′ ) 7 (PCR 2). The junctions between ileS2 and the closest IS257-R were amplified with primers ileS2-3 ′ (5 ′ -TCGGT GTAACTGGGGAATTA-3 ′ ) and IS257 F (PCR 3) or IS257 R (PCR 4). Suspensions of a few bacterial colonies in 25 mL of sterile water were used directly as a source of DNA templates. Cycling conditions for PCR were: 948C for 5 min; 30 cycles of 948C for 30 s, 608C for 40 s and 728C for 1 min; and a final extension at 728C for 10 min. When necessary, PCR fragments were confirmed as IS257-ileS2 spacer regions by sequencing or by hybridization with two probes (probes A and B) specific for ileS2 and an IS257 internal probe (probe C) (see Figure 1a) .
Southern hybridization studies
Restriction fragment length polymorphism (RFLP) analysis of the ileS2 locus was performed as previously described. 6 
Nucleotide sequence accession numbers
Representative sequences of ileS2 regions flanked by IS257s have been deposited in GenBank under accession numbers HQ625435 (Type S1_pPR4), HQ625436 (Type S2_pPR3), HQ625437 (Type S3_pPR1) and HQ625438 (Type S4_pPR5).
Results
Molecular analyses of ileS2 gene regions on plasmids encoding Hi-Mup r
Comparative DNA sequence analyses showed that the ileS2 orf was conserved in pPR1 -pPR9 plasmids (≥99% identity compared with the previously characterized S. aureus ileS2 gene; GenBank accession number X75439), but differences were observed in the regions flanking ileS2. Interestingly, in each plasmid ileS2 was flanked by copies of IS257, and each group of plasmids presented a distinctive organization of IS257-ileS2 regions due to the insertion of IS257s at different distances and orientations up-and down-stream of ileS2 ( Figure 1a and Table 1 ). However, despite the heterogeneity in the location of IS257s, flanking sequences that are present up to the IS257 boundaries ( Figure 1a ) are 100% identical between plasmids (data not shown). These results support the proposal made previously that ileS2 segments have a common origin, in spite of the diversity in the location of flanking IS257s. The organization of these regions suggests that ileS2 was part of a multigene operon, supporting our previous observations. 4 
Typing of IS257-ileS2 junctions through PCR-based amplification
Since ileS2 segments flanked by IS257s were a landmark of each plasmid group, we devised a PCR-based scheme for the simultaneous molecular typing of up-and down-stream IS257-ileS2 spacer regions. To optimize the amplification conditions, we initially used 10 transconjugant strains derived from different wild-type parental clinical MRSA, each carrying one of pPR1 -pPR9 and pGO400 plasmids. As expected, depending on the orientation of the IS257s, PCR fragments were obtained in two PCRs for each tested strain, one for each up-and down-stream region. Based on the estimated sizes of the PCR fragments, five distinct IS257-ileS2 amplification patterns (i.e. I -V) were obtained for the 10 strains. These patterns correlated with structural groups S1 -S4, with a different pattern for pGO400 ( Figure 1b and Table 1 ). The method was validated by applying it to the 48 wild-type MRSA that variously contained one of the pPR1-pPR9 plasmids, which yielded the IS257-ileS2 amplification patterns expected according to the presence of each plasmid (Table 1) . Therefore, the IS257-ileS2 PCR scheme demonstrated 100% sensitivity and specificity, allowing the correct differentiation of the IS257-ileS2 junctions unique for each structural group of ileS2-harbouring plasmids.
Pérez-Roth et al. To further investigate the heterogeneity of IS257-ileS2 spacer regions, the PCR was applied to 42 Hi-Mup r MRSA collected during 2003 -04 at HUNSC. As expected, RFLP-hybridization analyses demonstrated that ileS2 was located on plasmids in these isolates. However, these plasmids have not been previously characterized in these strains. PCR results were consistent with the presence of IS257s flanking ileS2 in all 42 isolates (Table 1) . A total of 21 isolates showed up-and down-stream PCR fragments corresponding to S2 (2 isolates), S3 (1 isolate) or S4 (18 isolates) amplification patterns. None of the isolates showed amplicons corresponding to S1 group plasmids, suggesting that pPR4 and pPR8 were not present in the MRSA from 2003 and 2004.
For the remaining 21 MRSA, 10 new IS257-ileS2 amplification patterns (i.e. VI to XV) were obtained. The sizes of their upstream, downstream or up-and down-stream amplification products were distinct from those observed for patterns I-V (Table 1) . Interestingly, sequences of representative PCR fragments confirmed that each amplification pattern corresponded to unique IS257-ileS2 configurations, indicating the existence of exceptional heterogeneity in the IS257-ileS2 spacer regions ( Figure S1 , available as Supplementary data at JAC Online). Nevertheless, it is intriguing that in some of these configurations the location of IS257-L or IS257-R was exactly the same as in any of the S1 -S4 plasmids or pGO400. Only amplification patterns XIII, XIV and XV represented entirely different configurations, both up-and down-stream of ileS2.
Discussion
The current study advances the findings of previous studies 4, 7 investigating the potential use of the heterogeneous location of ileS2 to monitor Hi-Mup r . The devised IS257-ileS2 PCR-based scheme demonstrated its versatility for the simultaneous typing of IS257-ileS2 junctions present on ileS2-encoding plasmids. Our data demonstrated that structurally different plasmids (i.e. groups S1 -S4) exhibit distinctive IS257-ileS2 configurations and, as a result, displayed unique amplification patterns of IS257-ileS2 regions (Figure 1 ). Due to the ease and speed of implementation, the PCR method was applied simultaneously The nomenclature used to describe IS257-ileS2 configurations is shown in parentheses. For example, UpL849-DnR746 indicates that the upstream (Up) copy is orientated to the left (L) and is located 849 bp from the ileS2 orf start, and the downstream (Dn) copy is orientated to the right (R) and is located 746 bp from the ileS2 orf stop. Pérez-Roth et al.
to a large number of strains and provided useful information on Hi-Mup r without the need to carry out cumbersome procedures. Furthermore, the PCRs were performed using DNA directly from bacterial suspensions as template, which saves considerable time and cost.
We propose to apply the IS257-ileS2 PCR to each of the staphylococci classified as mupirocin resistant. The inclusion of lowlevel mupirocin-resistant (L-Mup r ) isolates could be interesting, because few studies have found ileS2-positive L-Mup r strains. 8 Importantly, although some studies have rarely reported a chromosomal location of ileS2 resulting in Hi-Mup r or L-Mup r , 9,10 ileS2 was plasmid located in the vast majority of resistant isolates. 2 -6 Therefore, although our method types IS257-ileS2 junctions rather than the plasmids themselves, it is reasonable to assume that the amplicons come from plasmids rather than from chromosomal regions. Also, its application to strains typed by molecular methods [multilocus sequence typing (MLST) and SCCmec typing] will allow additional valuable information about the clonal dispersion of Hi-Mup r to be obtained. The IS257-ileS2 PCR might have an important limitation. It could happen that ileS2 is present but not flanked by IS257s. However, this occurrence is not expected to be common. 4 -7 Plasmid segments containing ileS2 were flanked by IS257s in all 90 MRSA analysed (Table 1) , supporting the ubiquity of IS257s flanking ileS2. This indicates that the IS257-ileS2 PCR will be generally applicable. Importantly, the method demonstrated great versatility, since it provided optimal results in strains with variable IS257-ileS2 configurations ( Figure S1 ). Finally, we hope that other researchers will apply the IS257-ileS2 amplification scheme, which would allow the generalization of our results and further validation of this novel typing method.
